ABSTRACT
INTRODUCTION
In recent years, the design of experiment and the response surface methodology (RSM) are commonly employed in statistical modeling and optimization of many processes in different scientific fields including biodiesel production. This combination results in an empirical model describing esters yield or content as a function the influential process factors on the basis of a minimum number of well-planned experimental runs. Commonly, alcohol-to-oil molar ratio, catalyst amount, temperature and reaction time are considered as influential process factors affecting esters yield although other process factors, specific to a certain biodiesel production method, can also be involved. Different designs of experiments can be employed for collecting the data from the investigated process within the adequately selected ranges of the influential process factors and deriving the model (regression) equation connecting esters yield or content with the process factors. The most frequently used designs of experiments for optimization of ultrasound-assisted biodiesel production from various vegetable oils in the current decade are the full factorial design (FFD) [1] [2] [3] [4] , Corresponding author: Vlada B. Veljković E-mail: veljkovicvb@yahoo.com Paper received: 01. 11. 2018. Paper accepted: 09. 01. 2019. Paper is available on the website: www.idk.org.rs/journal the Box-Behnken design (BBD) [5, 6] and the central composite design (CCD) [7, 8] . Each of them has its inherent advantages and drawbacks. FFD requires the largest number of experimental runs, thus resulting in a more reliable regression model in the selected experimental cubic space but larger costs, more work and longer time for conducting. Being a part of an FFD experimental cubic space, BBD and face CCD (FCCD) involve a smaller number of experiments but their experimental points are suited at different places ( Fig. 1) .
Figure 1. Experimental cubic space (FFD -all points, BBD -white points plus central gray point and FCCD -black points plus central gray point) Slika 1. Eksperimentalni kubni prostor (FFD -sve tačke, BBD -bele tačke plus centralna siva tačka i FCCD -crne tačke plus centralna siva tačka)
BBD does not include the vertices of this cubic space while FCCD examines borderline regions. Hence, BBD has a lower number of experimental points and fewer degrees of freedom than FCCD.
The performances of the models derived by the RSM combined with different experimental designs and used for statistical modeling and optimization of ultrasound-assisted biodiesel production processes have not been compared yet. This comparison is useful for identifying the most convenient experimental design with respect to complexity, accuracy and validity of the developed regression model, acceptability of the suggested optimal reaction conditions as well as the economics and efficiency of the required laboratory work. So far, FFD and BBD have been compared in the case of the biodiesel production from sunflower oil without ultrasonication [9] . In addition, Veljković et al. [10] have recently shown that the simpler BBD and FCCD can be used successfully for statistical modeling and optimization of the NaOH-catalyzed sunflower oil ethanolysis instead of the more laborious and expensive FFD.
The present study deals with the performances of the models for fatty acid methyl esters (FAME) content developed by the RSM combined with the three-factor-three level FFD, BBD and FCCD applied for the KOH-catalyzed methanolysis of sunflower oil performed in a batch ultrasonic reactor. The developed models were used for connecting the influential process factors (temperature, methanol-to-oil molar ratio, MOMR, and catalyst loading) with FAME content, assessing their statistical significance and optimizing the reaction conditions. The main goal was to test if the more complex FFD could successfully be substituted by the simpler BBD or FCCD.
MATERIALS AND METHODS

Materials, ultrasonic reactor, reaction procedure and analysis
The applied materials, ultrasonic reactor, reaction procedure and analytical methods can be found elsewhere [11] . The KOH-catalyzed sunflower oil methanolysis was performed in a batch ultrasonic reactor at temperature of 20 3 FFD with repetition (54 observations in total) [11] . The composition of the reaction mixture samples was determined using HPLC chromatography (Agilent 1100 Series) with a mean relative standard error in the replicates of ±0.8%.
Experimental designs, ANOVA and multiple non-linear regression
The temperature, MOMR and catalyst amount were selected for optimizing FAME content in the ester phase after the 60 min of reaction. The complete design matrices of the BBD and FCCD are shown in Tables 1 and 2 , consisted of 14 and 16 experimental runs, respectively which were the parts of the corresponding FFD [11]. 
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Comparison of the developed model
The corrected Akaike information criterion (AICc) was used for the selection of the best model among the models with different numbers of parameters (n/K < 40, where n is the data sample size and K is the number of parameters) [13] (eq. 2):
where AIC denotes the original Akaike information criterion that is related to the residual sum of squares from the fitted model ( ) as follows (eq. 3)
The preferred model with respect to relative quality has the minimum AICc value.
RESULTS AND DISCUSSION
Development and evaluation of the BBD-and
FCCD-based models First, the adequacy of the BBD-and FCCDbased models was checked by three tests: (a) sequential sum of squares, (b) lack of fit and (c) model summary statistic. They select the highest order non-aliased polynomial model where the additional terms are significant, the model with insignificant lack-of-fit and the model maximizing the and the , respectively. These tests suggested disregarding the cubic models as being aliased (Tables 3-5).   0  1 1  2  2  3  3  12  1  2   2  2  2  13  1  3  23  2  3  11 1  22  2  33 In the case of the BBD-based linear model, the temperature (X 1 ) and the catalyst amount (X 3 ) were only significant model terms while the effect of MOMR (X 2 ) on FAME content was insignificant with the confidence level of 95%. According to the FCCD-based linear model, all three process factors had an influential impact on FAME content. As it can be seen from the model equations given in Table 7 , all three linear regression coefficients of the model equations based on the coded factors (Eqs. T2 and T5) were positive, indicating the positive influence of temperature, MOMR and catalyst amount on FAME content, which was attributed to their accelerating effect on the reaction rate. According to the values of the linear regression coefficients, the catalyst amount (X 3 ) had higher F-value and hence, more significant impact on FAME content than the temperature, while the influence of the MOMR was the least significant. The same conclusion was made from the FFD-based model (Eq. T8, 
Verification of the BBD-and FCCD-based models
The developed models were validated on the basis of the corresponding sub-datasets taken from the FFD dataset [11] that were not included in their development. For the BBD-based model, the MRPD for the sub-dataset corresponding to the eight combinations of the extreme levels of the three process factors (i.e. at the vertices of the cube) was about ±22.5% (16 data; Table 8 ) while its value for the rest of data corresponding to the six combinations of the two process factors at the middle level and one process factors at either low or high level was ±16.2% (12 data; Table 9 ).
These percentages were higher than those obtained for the data used in the derivation of the two models. Hence, they demonstrated a moderate fitness capability of the two models for the levels of the process factors that were out of the experimental region employed in deriving the models. For the BBD-based reduced linear model, this was ascribed to the fact that the BBD did not examine borderline regions of the employed experimental domain, i.e. the extreme factor combinations. The deviation of the FCCD-based linear model from the experiment was difficult to understand as the used sub-dataset was inside the investigated cubic space including the vortices.
For the FCCD-based model, the MRPD for the sub-dataset corresponding to the twelve combinations of one process factors at the middle level and two process factors at either low or high level was about ±22.4% (24 data; 
Response surface analysis and optimization
For selecting the optimal reaction conditions using the BBD-based reduced linear and FCCDbased linear models, the optimization criterion was to achieve the maximum FAME content with the process factors constrained to the applied experimental region. For both models, the used software recommended the same optimal values of the temperature of 40 o C and catalyst loading of 0.7%. Besides these conditions, the FCCD-based linear models defined the MOMRs of 7.5:1 as the optimal one. The predicted FAME content under these reaction conditions on the basis of the BBD and FFD, respectively was 92.2% and 95.5% while the experimental FAME content was 79.8% and 87.9%. The FFD gave the same optimal reaction conditions as the FCCD and the predicted maximum FAME content of 95.0% [11] .
Since the BBD-based reduced linear model was deviated from the experiment to less degree than the FCCD-based linear model in the whole investigated cubic space, only it was further investigated through the response surface analysis. Figure 2 shows the response surface 3D plots for FAME content as a function of temperature and catalyst loading resulted from the BBD-based reduced linear model. It was obvious that the FAME content increased with the increase of both temperature and catalyst loading. 
Performance comparison of the BBD-, FCCDand FFD-based models
The performances of the developed models could be compared with respect to their complexity, validity and accuracy, recommended optimal reaction conditions as well as costs and the required laboratory labor [9] . Some comparative criteria are given in Table 11 . 
R
Measuring the relative quality of a group of models with different numbers of parameters, AICc is a powerful tool for their comparison and selection of the best one among the tested models. Table 11 shows that the BBD-and FCCD-based models have smaller AICc-values than the FFD-based models, as well as the reduced linear BBD-based model has the lowest AICc-value, thus being the "best" one. Also, the BBD-and FCCD-based models are characterized by more favorable statistical criteria like R 2 , , , C.V. and MRPD. Besides that, the BBD and FCCD involve nearly four times smaller number of experiments than the FFD. Furthermore, all models lead to similar optimal reaction conditions. Taking into account all criteria, the BBD can be recommended for the optimization of biodiesel production processes under ultrasonication. Its disadvantage is moderate fitness capability for the levels of the process factors that are out of the experimental region applied in its development. Therefore, this simpler experimental design should be applied with caution under conditions of the extreme factor combinations (borderline regions of the employed experimental domain).
CONCLUSIONS
The performances of the BBD, FCCD and FFD applied in combination with the RSM for statistical modeling and optimization of the KOH-catalyzed ultrasound-assisted methanolysis of sunflower oil were compared. Besides the statistically insignificant lack of fit, the BBD-and FCCD-based models had smaller AICc-values and more favorable statistical criteria than the FFD-based models. The same optimal temperature and catalyst loading but different MOMR were determined by the models. The BBD was recommended for the optimization of the process conditions as it requires the lowest number of experimental runs, meaning lower costs as well as shorter and less laborious laboratory work. An ultrasound-assisted system for the optimization of biodiesel production from chicken fat oil using a genetic algorithm and response surface methodology, Ultrasonics Sonochemistry, 26, 312-320.
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